Background: Posttranslational regulation of rictor, a key partner of mTOR complex 2, and its underlying mechanism are largely undefined and thus are the focus of this study. Results: FBXW7 interacts with rictor and mediates its degradation; this process requires phosphorylation of rictor at threonine 1695 by GSK3. Conclusion: Rictor undergoes GSK3-dependent, FBXW7-mediated ubiquitination and proteasomal degradation. Significance: A previously unknown mechanism underlying posttranslational regulation of rictor expression is suggested.
role in the regulation of cellular homeostasis primarily by phosphorylating several AGC kinases such as Akt, PKC, and serumand glucocorticoid-induced protein kinase (SGK). Because mTORC2 functions as a critical serine 473 kinase of Akt, a protein that is often hyper-activated in cancer, great attention has recently been focused on the study of the biological roles of this complex in cancer and whether this complex serves as a relevant target for cancer therapy (1) (2) (3) (4) .
Rictor has also been shown to associate with other proteins independent of mTOR, such as cullin-1 (5) , Myo1c (6) , integrin-linked kinase (ILK) (7) , and F-Box and WD repeat domaincontaining 7 (FBXW7; also known as FBW7 and CDC4) (8) , implying that it could mediate other biological functions outside mTORC2. One example is that rictor is involved in the regulation of protein degradation. It has been recently demonstrated that rictor contains a novel E3 ubiquitin ligase activity by forming a complex with cullin-1 to promote SGK1 ubiquitination and degradation (5) . Moreover, rictor interacts with the E3 ubiquitin ligase FBXW7 to positively regulate ubiquitination and degradation of the oncogenic proteins c-Myc and cyclin E in colon cancer cells (8) .
It has been suggested that rictor can be phosphorylated at multiple sites, the majority of which are within the C-terminal half of the protein (9 -11) . Phosphorylation at a given site of rictor may affect its biological functions. For example, rictor has been shown to be phosphorylated at Thr-1135 by AGC kinases such as p70S6K1 (9 -11) , leading to disruption of rictor and cullin-1 interaction followed by reduced ability of the rictor/ cullin-1 complex to ubiquitinate and degrade SGK1 (5) . Rictor is also phosphorylated at Ser-1235 by GSK3␤ during endoplasmic reticulum stress, resulting in inhibition of mTORC2-Akt binding and mTORC2 downstream signaling (12) .
Ubiquitin proteasome-mediated protein degradation regulates many important cellular processes, including differentia-tion, proliferation, and apoptosis. In general, this degradation process involves the covalent attachment of ubiquitin to a substrate in a chain of four or more (also called polyubiquitination) by an ubiquitin ligase, resulting in it targeting to the 26S proteasome for rapid destruction (13, 14) . This is an important process in the maintenance of cellular homeostasis. Accordingly, aberrant protein degradation through this system underlies many diseases, including cancer. The E3 ubiquitin ligase, FBXW7, is a tumor suppressor that is frequently mutated in certain types of human cancer (13) . The exact mechanisms underlying its tumor suppressive function remain unclear, although it appears to be associated with regulation of the degradation of multiple oncogenic proteins such as c-Myc, cyclin E, and c-Jun (13) . A recent study has shown that mTOR can be degraded through an FBXW7-dependent mechanism, and loss or mutation of FBXW7 increases cell sensitivity to rapamycin due to increased levels of mTOR (15) .
While studying the Akt inhibitor perifosine, we reported that perifosine reduced rictor levels, likely by inducing FBXW7-dependent protein degradation (16) . However, detailed or systematic studies of rictor degradation are lacking. Here we focused our study on demonstrating rictor degradation and its underlying mechanism. We provide robust evidence to indicate that rictor is degraded through a GSK3-dependent and FBXW7-mediated mechanism.
Experimental Procedures
Reagents-MG132, LiCl, SB216763, cycloheximide (CHX), rabbit polyclonal anti-actin antibody, mouse FLAG M2 monoclonal antibody, anti-FLAG M2 affinity gel (A2220), and mouse anti-GST antibody (SAB4200237) were purchased from Sigma. CHIR99021 was purchased from LC laboratories (Woburn, MA). MLN4924 was provided by Millennium Pharmaceuticals, Inc. (Cambridge, MA). -Protein phosphatase was purchased from New England BioLabs (Ipswich, MA). Rabbit polyclonal antibody against mTOR, rictor (D16H9) rabbit mAb (Sepharose bead) conjugate, and GSK3␣ and -␤ kinases were purchased from Cell Signaling Technology, Inc. (Beverly, MA). Goat polyclonal mTOR (FRAP; N-19), rabbit polyclonal cyclin E (M-20), and mouse monoclonal c-Myc (9E10) antibodies and c-Myc (9E10) AC bead (sc-40AC) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Rabbit polyclonal rictor (BL2178) and raptor antibodies were purchased from Bethyl Laboratories, Inc. (Montgomery, TX). Anti-HA antibody was purchased from Abgent (San Diego, CA). HA-ubiquitin (HA-Ub) plasmid and FBXW7 isoform plasmids were kindly provided by Dr. C. Chen (Kunming Institute of Zoology, Chinese Academy of Sciences, Yunnan, China). Dominant negative FBXW7 (dnFBXW7) expression plasmid was obtained from Dr. K. I. Nakayama (Medical Institute of Bioregulation, Kyushu University, Maidashi, Fukuoka, Japan) (17) . GSK3␤ expression vector plasmid was a generous gift from Dr. B. P. Zhou (The University of Kentucky College of Medicine, Lexington, KY). Myc-rictor in pRK-5 (#11367) and GSK3␣ in pMT2 (#15896) were purchased from Addgene (Cambridge, MA).
Cell Lines and Cell Culture-HCT116-FBXW7 ϩ/ϩ and HCT116-FBXW7 Ϫ/Ϫ cell lines were kindly provided by Dr. B. Vogelstein (Johns Hopkins University School of Medicine, Bal-timore, MD). HEK293T cells were provided by Dr. K. Ye (Emory University, Atlanta, GA). Other cancer cell lines were originally purchased from the ATCC. These cell lines were grown in monolayer culture in RPMI 1640 medium, DMEM, or McCoy's medium supplemented with glutamine and 5% fetal bovine serum at 37°C in a humidified atmosphere consisting of 5% CO 2 and 95% air.
Plasmid Construction and Transfection-FLAG-GSK3␣ was constructed by inserting GSK3␣ PCR fragment, which was amplified with the primers 5Ј-ATGAATTCAATGAGCG-GCGGCGGGCCTT-3Ј and 5Ј-ATGGATCCTCAGGAGGA GTTAGTGAGGG-3Ј using the GSK3 plasmid as a template, into pFLAG-CMV-3 expression vector (Sigma) via EcoRI and HindIII sites. The rictor site mutant construct, T1695G (in which threonine at 1695 was converted to glycine), was created using site-directed mutagenesis with the primers 5Ј-GAGGC-TGTGTTGGCAGGACCACCAAAGCAACCT-3Ј and 5Ј-AG-GTGGCTTTGGTGGTCCTGCCAACACAGCCTC-3Ј. All plasmid transfections were performed with either Lipofectamine 2000 (Invitrogen) (e.g. H460 cells) or FuGENE 6 (Roche Applied Science) (e.g. 293T cells).
Small Interfering RNA (siRNA) and Transfection-GSK3␣/␤ siRNA (#6301) was purchased from Cell Signaling. GSK3␣ siRNA was described previously (18) . FBXW7 siRNA, that targets the sequence of 5Ј-AACACAAAGCTGGTGTGTGCA-3Ј (19) , was synthesized by Qiagen (Valencia, CA). siRNA transfection was performed with HiPerFect transfection reagent (Qiagen) following the manufacturer's instructions.
Western Blotting (WB) and Immunoprecipitation (IP)-Preparation of whole-cell protein lysates (WCL) and performance of the WB were the same as described previously (20, 21) . For IP, cells were lysed in a CHAPS buffer (40 mM HEPES, pH 7.5, 120 mM NaCl, 1 mM EDTA, pH 8.0, and 0.3% CHAPS) supplemented with protease inhibitors and phosphatase inhibitors. Five hundred g of lysates were incubated with the appropriate antibody-conjugated beads overnight at 4°C. Immunocomplexes were washed with the CHAPS buffer twice and HEPES wash buffer (50 mM HEPES, 40 mM NaCl, 2 mM EDTA, pH 8.0) twice and then subjected to WB for detection of the proteins of interest.
Protein Stability Assay-293T cells were transfected with the plasmids of interest. After 24 h, all cells were treated with 10 g/ml CHX and harvested at different time points for preparation of WCL and subsequent WB as described above for detection of given proteins.
Preparation of GST-rictor Proteins-DNA fragments RF1, encoding amino acids 1586 -1708 of wild-type rictor, and RF1-T1695G, encoding amino acids 1586 -1708 of mutant rictor T1695, were amplified from plasmids carrying myc-rictor or myc-rictor (T1695G), respectively. They were inserted into pGEX-2TK vector (GE Healthcare) to generate GST fusion protein expression constructs pGST-RF1 and pGST-RF1-T1695G. These plasmids were then transformed into Escherichia coli BL21-DE3 competent cells (Invitrogen). These transformed bacteria were grown and induced with 1 mM isopropyl-␤-D-thiogalactopyranoside at 25°C for 24 h. The proteins of interest were then purified using glutathione-Sepharose 4B (GE Healthcare) following the manufacturer's instructions. Eluted protein was desalted using PD-10 Sephadex G-25 (GE Healthcare), supplemented with 10% glycerol, and flash-frozen at Ϫ80°C.
In Vitro Phosphorylation Assay-An in vitro GSK3 kinase assay was performed by mixing 0.4 g of purified RF1, RF1-T1685G, or GST-only (GST control) protein with 30 l of GSK kinase buffer (containing 4 mM MOPS, pH 7.2, 2.5 mM ␤-glycerophosphate, 1 mM EGTA, 0.4 mM EDTA, 4 mM MgCl 2 , 0.05 mM DTT, and 40 M BSA), 1 Ci of [␥-32 P]ATP (PerkinElmer Life Sciences), and GSK3␣ or -␤ kinase. After incubation at 37°C for 30 min, the reaction samples were denatured with 5ϫ SDS-loading buffer at 100°C for 5 min. Proteins were then fractionated on 10% SDS-PAGE gels and transferred to a PVDF membrane. The phosphorylation of GST fusion rictor protein by GSK3 kinase was detected by exposing to x-ray films for 20 min (GSK3␤) or 3 h (GSK3␣) at Ϫ80°C deep-freeze. Purified GST fusion protein level was determined using anti-GST antibody (Sigma).
Adenoviral Infection of Cancer Cells-Adenovirus harboring an empty vector (Ad-CMV) or a constitutively activated form of Akt (myristoylated Akt; Ad-myr-Akt) and cell infection were described previously (22) .
Results

Rictor Levels Are Modulated by Proteasome-mediated
Degradation-Our previous study using perifosine suggested that rictor is degraded through an ubiquitin/proteasome-mediated mechanism (16) . To further confirm this finding, we treated two cancer cell lines, H460 and MCF-7, with the proteasome inhibitor MG132 and then determined the levels of rictor accumulation. As shown in Fig. 1A , rictor levels were increased after only 15 min of MG132 treatment and remained high within the tested time ranges (15-120 min) . Under the tested conditions, the levels of mTOR and c-Myc, which are known to be degraded by FBXW7-dependent mechanism (15, 17, 23, 24) , were also increased in both cell lines. Because Cullin neddylation is an essential step for activation of the SCF-FBXW7 E3 ligase (25), we then further determined whether MLN4924, an inhibitor of NEDD8-activating enzyme that catalyzes attachment of NEDD8 to a cullin (or neddylation) (25) , increases rictor levels as well. Indeed, MLN4924 caused timedependent elevation of rictor as it did to c-Myc in both H460 and MCF-7 cells (Fig. 1B ). In these experiments we found that the levels of raptor, an essential component of mTOR complex 1 (mTORC1), were also elevated by both MG132 and MLN4924. Moreover, we further asked whether rictor is ubiquitinated. As presented in Fig. 1C , co-transfection of HA-Ub and rictor expression plasmids increased ubiquitinated levels of rictor, particularly in the presence of MG132, indicating that rictor is indeed a ubiquitinated protein, Taken together, these data clearly demonstrate that rictor is regulated by ubiquitination/proteasome-mediated degradation.
Modulation of FBXW7 Expression Alters Rictor Ubiquitination and Levels-We previously had suggested that perifosineinduced rictor degradation involves FBXW7 (16) . Therefore, we conducted detailed experiments to further demonstrate the involvement of FBXW7 in mediating rictor degradation. When comparing the levels of rictor between HCT116/FBXW7 Ϫ/Ϫ and HCT116/FBXW7 ϩ/ϩ cells, we detected higher levels of rictor, mTOR, and cyclin E (known FBXW7 substrates) in HCT116/FBXW7 Ϫ/Ϫ cells than in HCT116/FBXW7 ϩ/ϩ cells ( Fig. 2A ). Elevated levels of rictor, mTOR, and cyclin E were also detected in both H460 and HCT116 cells transfected with FBXW7 siRNA in comparison with those transfected with control scrambled siRNA ( Fig. 2B ). We used ectopically expressed FBXW7 to validate the knockdown efficiency as we lacked an anti-FBXW7 antibody able to recognize endogenous FBXW7 as did others (26) . Moreover, enforced expression of dnFBXW7 dose-dependently increased the levels of rictor, mTOR, and cyclin E (Fig. 2C ). Finally, we compared the impact of FBXW7 inhibition on rictor stability and ubiquitination. We found that rictor was degraded much slower in FBXW Ϫ/Ϫ HCT116 cells than in FBXWT ϩ/ϩ HCT116 cells ( Fig. 2D) . Consistently, the levels of ubiquitinated rictor were substantially reduced in cells transfected with FBXW7 siRNA when compared with cells transfected with control scrambled siRNA ( Fig. 2E ). These results clearly show that depletion or inhibition of FBXW7 suppresses rictor ubiquitination and degradation.
To robustly demonstrate the role of FBXW7 in regulation of rictor degradation, we expressed ectopic FBXW7 and then examined its impact on rictor stability and protein levels. It is known that FBXW7 has three isoforms (i.e. ␣, ␤, and ␥) that share similar structural features and are, in principle, identical FIGURE 1. Rictor is regulated by ubiquitination/proteasome-mediated degradation. A and B, both H460 and MCF-7 cells were treated with 10 M MG132 (A) or 1 M MLN4924 (B) for the indicated times and then harvested for preparation of WCLs and subsequent WB to detect the given proteins. C, H460 cells were transfected with HA-ubiquitin (HA-Ub) or empty vector for 48 h and then treated with DMSO or 10 M MG132 for an additional 2 h. The WCLs prepared from these cells were then immunoprecipitated with antirictor antibody, and ubiquitinated rictor (Ub-rictor) was detected by WB using anti-HA antibody. (13) . Enforced expression of each isoform of FBXW7 reduced the levels of rictor and mTOR (Fig. 3A) . Because FBXW7␤ is primarily present in the cytoplasm, we selected this isoform to use in our subsequent studies. After transfecting different amounts of FBXW7␤ into the cells, we observed dose-dependent reduction of rictor and mTOR ( Fig. 3B ). Moreover, cotransfection of FBXW7␤ with rictor drastically enhanced the rate of rictor degradation in comparison with transfection of rictor alone (Fig. 3C ). These results indicate that enforced expression of FBXW7 enhances rictor degradation. Taking these data together, we conclude that rictor is degraded through an FBXW7-mediated mechanism.
FBXW7-mediated Rictor Degradation
Rictor Interacts with FBXW7-Because FBXW7 mediates rictor degradation, we determined whether there is an interaction between rictor and FBXW7. Because of the lack of good antibody against endogenous FBXW7, we transfected FLAG-FBXW7 into 293T cells and then detected its interaction with endogenous rictor through IP of FBXW7 with an anti-FLAG M2 affinity gel or IP of rictor with an anti-rictor-conjugated Sepharose bead. Indeed, we detected both FLAG-FBXW7 and rictor from immunocomplexes pulled down either with an anti-FLAG antibody or with an anti-rictor antibody but not from those pulled down with a control IgG antibody (Fig. 4, A and B) , indicating an interaction between FBXW7 and rictor. Moreover, we transfected wild-type (WT) FBXW7 and dnFBXW7 into 293T cells and compared their abilities to interact with rictor. As presented in Fig. 4B , rictor was clearly pulled down with an anti-FLAG antibody from WCLs transfected with either WT FBXW7 or dnFBXW7 (Fig. 4C ), indicating that both WT FBXW7 and dnFBXW7 interact with rictor. These results provide additional support for the crucial role of FBXW7 in mediating rictor degradation.
Moreover, we determined whether rictor interaction with FBXW7 is phosphorylation-dependent. As presented in Fig.  4D , dephosphorylation of WCLs with -phosphatase before IP abolished interaction between rictor and FBXW7 as demonstrated by IP with either FLAG or rictor. Hence, it is clear that this interaction is phosphorylation-dependent.
Identification of a CDC4 Phospho-degron (CPD) Motif in Rictor That Is Critical for FBXW7 and Rictor Interaction-It is known that the interaction between FBXW7 and its substrates is dependent on the presence of a consensus CPD in the substrates in which a central phospho-threonine (pT) is embedded within hydrophobic residues: (I/L)(I/L/P)pTPXX*X (X corresponds to any amino acid, and * indicates phosphorylation (e.g. pS or pT) or an acidic amino acid residue) (13) . We identified a putative CPD motif (LATPPKQP) near the C terminus (1693-1700) of rictor (Fig. 5A ). To determine whether this is a functional CPD, we mutated the threonine (T) at position 1695 in this motif to glycine (G) to generate a mutant rictor, rictor (T1695G). When co-expressed with FBXW7, the levels of WT rictor were clearly reduced; however, the rictor (T1695G) levels were not decreased at all (Fig. 5B) . In a stability assay, we found that rictor (T1695G) was degraded much more slowly than WT
FIGURE 2. Inhibition of FBXW7 increases rictor levels (A-C) with increased stability (D) and reduced ubiquitination (E).
A, WCLs were prepared from the indicated cell lines. B, twenty-four hours after transfection with control or FBXW7 siRNA, H460 cells were further transfected with FLAG-FBXW7␤ plasmid. After an additional 48 h, the cells were harvested for preparation of WCLs. For HCT116 cells, WCLs were prepared after transfection of control or FBXW7 siRNA for 48 h. C, 293T cells were transfected with different amounts of dnFBXW7 as indicated and then harvested after 24 h for preparation of WCLs. WB was conducted to detect the indicated proteins in the WCLs. D, the indicated cells line were exposed to CHX (10 g/ml) and then harvested at the different time points as indicated for preparation of WCLs. The indicated proteins were detected with WB and quantified with NIH ImageJ software (Bethesda, MA). Rictor levels were normalized to tubulin and plotted as the relative rictor levels compared with those at time 0 of CHX treatment (right panel). E, 24 h after transfection with control or FBXW7 siRNA, H460 cells were further transfected with HA-ubiquitin or empty vector for an additional 48 h. The cells were then treated with 10 M MG132 for 2 h and harvested for preparation of WCLs. These lysates were then immunoprecipitated with an anti-rictor antibody, and ubiquitinated rictor (Ub-rictor) was determined by WB using an anti-HA antibody. The asterisk indicates IgG heavy chain. MAY 29, 2015 • VOLUME 290 • NUMBER 22 JOURNAL OF BIOLOGICAL CHEMISTRY 14123 rictor (Fig. 5C ), indicating that rictor (T1695G) is much more stable than WT rictor. These findings indicate that rictor (T1695G) is resistant to FBXW7-mediated degradation. In agreement, we detected drastically reduced amounts of FBXW7 pulled down by rictor (T1695G) than by WT rictor (Fig. 5D) , indicating that the interaction between FBXW7 and rictor (T1695G) is much weaker than that between FBXW7 and WT rictor. Moreover, the ubiquitination of rictor (T1695G) was also substantially reduced in comparison with that of WT rictor (Fig. 5E ). Taken together, these data clearly show that this CPD is functional and crucial for FBXW7-mediated degradation of rictor. A and B) and stability (C). A and B, 293T cells were transfected with empty vector, FLAG-FBXW7␣, -␤, or -␥ plasmids (A) or different amounts of FLAG-FBXW7␤ as indicated (B). After 24 h, the cells were harvested for preparation of WCLs and subsequent WB to detect the indicted proteins. C, 293T cells were co-transfected with myc-rictor plus FLAG-FBXW7␤ or empty vector. After 24 h, the cells were treated with CHX (10 g/ml) and then harvested at the different time points as indicated for preparation of WCLs. The indicated proteins were detected with WB. Protein levels were quantified with NIH ImageJ software (Bethesda, MA) and were normalized to actin. The results were plotted as the relative rictor levels compared with those at time 0 of CHX treatment (bottom panel). A, B, and D) , empty vector (V), FLAG-dnFBXW7 (dn), or FLAG-FBXW7␤ (WT) plasmid (C). After 48 h the cells were harvested for preparation of WCLs followed by IP with an anti-FLAG (A and C) or anti-rictor antibody (B) and subsequent WB to detect the indicated proteins. In addition, the WCLs were also treated with -phosphatase (1000 units) at 30°C for 1 h before the indicated IP-WB experiments (D).
FBXW7-mediated Rictor Degradation
Rictor Degradation Requires GSK3-It is also well known that prior substrate phosphorylation is an essential step for FBXW7 binding and subsequent degradation. GSK3 is involved in the degradation of most, it not all, substrates by FBXW7 (13, 27) . Thus, we further determined whether GSK3 is involved in FBXW7-dependent degradation of rictor. Treatment of H460 and MCF-7 cells with two GSK3 inhibitors, SB216763 and CHIR99021, increased the levels of rictor and c-Myc (Fig. 6A) . Consistently, knockdown of GSK3␣/␤ by specific siRNA resulted in elevated levels of rictor (Fig. 6B) . Similarly, the levels of cyclin E, which is known to be regulated by GSK3, were also elevated in GSK3 siRNA-transfected cells. The elevation of rictor levels by LiCl (another GSK3 inhibitor) and SB216763 treatment was abrogated when FBXW7 was silenced ( Fig. 6C ), suggesting that this elevation occurs through an FBXW7dependent mechanism. In contrast, enforced expression of GSK3␣ or GSK3␤ decreased the levels of rictor (Fig. 6D) . These results collectively demonstrate that GSK3 is involved in FBXW7-mediated degradation of rictor. Moreover we determined the effects of GSK3 inhibition on rictor ubiquitination. As presented in Fig. 6E , we detected much lower levels of ubiquitinated rictor in LiCl-treated cells than in DMSO-treated cells, suggesting that inhibition of GSK3 with LiCl inhibits rictor ubiquitination. Consistently, inhibition of GSK3 by silencing GSK3␣ generated similar results as with LiCl (Fig. 6F) . Therefore, it is clear that GSK3 is required for rictor ubiquitination. Finally we asked whether GSK3 interacts with rictor. In an IP assay, we detected rictor when pulling down FLAG-GSK3␣ or myc-GSK3␤ (Fig. 7, A and B) , indicating that there is indeed an interaction between GSK3 and rictor.
GSK3 Directly Phosphorylates Rictor-Because Thr-1695 in the CPD of rictor is crucial for FBXW7-mediated rictor degradation, we asked whether this site is phosphorylated by GSK3. Thus, we conducted an in vitro kinase assay to determine whether GSK3 directly phosphorylates rictor at Thr-1695. To this end, we cloned and expressed a fragmented form of rictor (RF1) that contains the Thr-1695 residue in the CPD motif and a mutant form (RF1m) in which Thr-1695 was converted to Gly-1695 (T1695G). As presented in Fig. 7 , C and D, both GSK3␣ and GSK3␤ could phosphorylate RF1, but the mutant RF1m was phosphorylated only weakly or not at all. As a positive control, ␤-catenin was strongly phosphorylated. Thus, we believe that GSK3 can directly phosphorylate GSK3 at Thr-1695. FBXW7-mediated rictor degradation (B-E) . A, a putative CPD motif was identified at positions 1693-1704 of rictor. B and D, 293T cells were co-transfected with FLAG-FBXW7 and myc-rictor or myc-rictor (T1695G) for 24 h (B) or 48 h (D). The cells were then harvested for preparation of WCLs and subsequent WB (B) or IP/WB (D). C, 293T cells were co-transfected with FLAG-FBXW7 and myc-rictor or myc-rictor (T1695G) and 24 h later treated with 10 g/ml CHX. At the indicated time points, the cells were harvested for preparation of WCLs. The indicated proteins were detected with WB and quantified with NIH Image J. After being normalized to actin, the results were then plotted as the relative protein levels compared with those at time 0 of CHX treatment (bottom panel). E, FBXW7␤ was co-expressed with myc-rictor or myc-rictor (T1695G) in 293T cells, and after 24 h, cells were transfected with an empty vector (V) or HA-ubiquitin (HA-Ub). After another 24 h, cells were treated with 10 M MG132 for 2 h and then subjected to preparation of WCLs and subsequent IP/WB to detect ubiquitinated rictor. MAY 29, 2015 • VOLUME 290 • NUMBER 22
FIGURE 5. Identification of a putative CPD in rictor (A) and demonstration of its function in
FBXW7-mediated Rictor Degradation
Activated Akt Increases Rictor Stability and mTORC2
Activity-Akt is known to phosphorylate GSK3, leading to inactivation of GSK3 (28) . Because GSK3 directly phosphorylates rictor, facilitating its degradation as demonstrated above, we asked whether activated Akt positively regulates the mTORC2 activity and signaling through enhancing rictor stability. Hence, we infected two NSCLC cell lines, A549 and H460, with Ad-myr-Akt (to expression activated Akt) and Ad-CMV (as a control) for 48 h and then examined rictor levels and phosphorylation of several proteins known to be phosphorylated by mTORC2. As presented in Fig. 8A , we detected high levels of myr-Akt and p-GSK3␣/␤ in cells infected with Ad-myr-Akt, indicating that expression of activated Akt does increase GSK3 phosphorylation. In addition, we detected increased levels of rictor, p-Akt (Ser-473), p-Akt (Thr-450), p-SGK1 (Ser-422), and p-PKC␣ (Ser-659) in cells infected with Ad-myr-Akt as compared with cells infected with control Ad-CMV, suggesting that enforced Akt activation may stabilize rictor and increase mTORC2 activity. Moreover, we compared the effects of enforced Akt activation on mTORC2 formation with IP of mTOR followed by WB for detection of mTOR and rictor. Indeed, we detected increased levels of rictor in immunocomplexes from both H460 and A549 cells infected with Ad-myr-Akt in comparison with those from their corresponding Ad-CMV-infected cells, indicating that Akt activation increases mTORC2 formation. Collectively, we suggest that Akt activation E and F) . A, H460 and MCF-7 cells were treated with the indicated concentrations of SB216763 or CHIR99021 for 6 h. B, H460 or 293T cells were transfected with control (Ctrl) and GSG3␣/␤ siRNA and harvested after 48 h. C, H460 cells were transfected with control or FBXW7 siRNA and after 48 h treated with 50 mM LiCl or 20 M SB216763 for an additional 6 h. D, 293T cells were transfected with different amounts of GSK3␣ or GSK3␤ as indicated. After 24 h the cells were harvested for preparation of WCLs and subsequent WB. E, H460 cells were transfected with vector or HA-ubiquitin (HA-Ub) and after 24 h were treated with 50 mM LiCl for 4 h followed by exposure to 10 M MG132 for another 2 h. F, H460 cells were transfected with control (Ctrl) or GSK3␣ siRNA followed after 24 h with transfection of vector or HA-Ub plasmid. After 24 h the cells were treated with 10 M MG132 for an additional 2 h. After the aforementioned treatments in E and F, the cells were harvested for preparation of WCLs for subsequent IP/WB to detect the indicated proteins or protein ubiquitination. A and B) and phosphorylates rictor at Thr1965 (C and D). A and B, 293T cells were transfected with Myc-GSK3␤ or FLAG-GSK3␣, and after 48 h IP was performed for GSK3␤ with an anti-Myc antibody (A) or GSK3␣ with an anti-FLAG antibody (B) followed by WB to detect the given proteins. C and D, phosphorylation of purified GST-tagged RF1 and RF1m by GSK3 ␤ (C) or GSK3 ␣ (D) was carried out by mixing 1 Ci of [␥-32 P]ATP with kinase buffer and incubating at 37°C for 30 min. ␤-Catenin (positive control (PC)), non-substrate (negative control (NC)), and GST-only protein (GST) were used as controls. The protein mixtures were separated by 10% SDS-PAGE gels to detect phosphorylation by direct exposure to x-ray film and GST-tagged protein by WB with an anti-GST antibody.
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increases mTORC2 activity and signaling via inactivation of GSK3 activity and subsequent stabilization of rictor.
Discussion
As a core component of the mTORC2, how rictor is regulated at the degradation level is largely unknown. The present study provides robust evidence indicating that rictor is degraded through a GSK3-dependent and FBXW7-mediated ubiquitination/proteasome pathway based on the following findings; 1) rictor is regulated by ubiquitination/proteasomemediated degradation; 2) rictor degradation is mediated by FBXW7; 3) a functional CPD motif is present in rictor; 4) rictor degradation is GSK3-dependent; 5) GSK3 directly phosphorylates the rictor CPD motif at Thr-1695. It has been previously shown that FBXW7 is involved in mediating mTOR degradation (15) . The current findings provide another piece of evidence supporting the involvement of protein degradation in the regulation of mTOR signaling. In this study we noted that raptor levels were also elevated upon treatment with MG132 or MLN4924 (Fig. 1 ). Whether these observations suggest that raptor is regulated through a similar mechanism needs further evaluation.
FBXW7 is the substrate recognition component of an evolutionarily conserved complex of SKP1, cullin-1, and F-box protein (SCF)-type ubiquitin ligase. The binding of FBXW7 to its substrates is an essential step for ubiquitination and subsequent proteasome-mediated degradation of the substrates (13) . In our IP/WB assay, we could use anti-FLAG (FBXW7) antibody to pull down rictor or anti-rictor antibody to pull down FLAG-FBXW7 ( Fig. 4 ), suggesting that FBXW7 is associated with rictor. In a previous study on rictor regulation of FBXW7-depen-dent c-Myc and cyclin E degradation, FBXW7 and rictor interaction was also detected in human colon cancer cells (8) . Although this study did not explore FBXW7-mediated rictor degradation, the results support our finding on interaction of rictor with FBXW7 in cells. Interestingly, another recent study has demonstrated that rictor specifically interacts with cullin-1 to function as an ubiquitin E3 ligase (5) , indirectly supporting the association of rictor with the SCF (SKP1, cullin-1, and F-box protein). Collectively it is very likely that rictor is also degraded through an FBXW7-mediated mechanism, whereas it functions as a ubiquitin E3 ligase to promote degradation of other proteins.
The presence of a CPD in a substrate of FBXW7 is absolutely required for FBXW7 to bind to, ubiquitinate, and degrade the substrate. In addition to a central phosphothreonine (Thr(P)), a negative charge at the ϩ4 position (relative to the central threonine residue) of CPD is preserved in most known FBXW7 substrates either by phosphorylation (e.g. Ser(P) or Thr(P)) or by acidic amino acid residues. This negative charge makes direct contact with WD40 repeats of FBXW7 (13) . The ϩ4 position in rictor is the acidic amino acid residue glutamine. Characterization of the putative CPD in rictor has shown that this is a functional CPD because mutation of the central threonine, Thr-1695, drastically inhibited its association with FBXW7, ubiquitination, and degradation ( Fig. 5 ).
It is also known that the interaction of FBXW7 and substrate requires prior phosphorylation of substrates within their CPDs; this phosphorylation is often mediated by GSK3 (13) . Indeed, rictor and FBXW7 interaction is also phosphorylation-dependent because dephosphorylation abolishes this interaction (Fig.  4D) . In general, GSK3 phosphorylates the central threonine of A and B , The given cell lines were infected with the indicated adenoviruses for 48 h and then harvested for preparation of WCLs and subsequent WB to detect proteins as indicated (A), The WCLs were also used for IP with mTOR antibody followed with WB to detect the indicated proteins (B). C, a working model for Akt positive regulation of the mTORC2. Akt may enhance the assembly and activity of the mTORC2 by inhibiting GSK3-dependent rictor degradation.
FBXW7-mediated Rictor Degradation
the CPD in each substrate with a priming site (e.g. cyclin E, c-Myc, and Jun) because GSK3 often uses a priming phosphorylation as a binding site to target an acceptor site in the ϩ4 position (13) . In the instance of mouse c-Myb degradation by FBXW7, GSK3 is also involved in mediating phosphorylation of T572 within the CPD without a priming phosphorylation site (29) . In the CPD of rictor, there is no priming phosphorylation site at the ϩ4 position. However, our in vitro kinase assay clearly showed that GSK3 specifically phosphorylated Thr-1695 as mutation of this site abolished or attenuated the phosphorylation ( Fig. 7) , thus providing experimental evidence that GSK3 phosphorylates rictor at Thr-1695. In agreement, rictor and GSK3 were co-immunoprecipitated, suggesting that rictor is associated with GSK3. In addition, modulation (inhibition or activation) of GSK3 activity by chemical inhibitors or genetic approaches (e.g. knockdown or enforced expression) altered the levels of rictor accompanied with corresponding changes in rictor ubiquitination (Fig. 6 ). Together, these results clearly show that rictor degradation is GSK3-dependent.
The PI3K/Akt signaling is known to be hyper-activated in many types of cancer primarily due to frequent mutation of PTEN and PIK3CA and hence plays a critical role in supporting cancer cells survival and growth (28) . This signaling positively regulates the mTORC1 signaling through inhibition of TSC2 (30) . In this study, we found that enforced activation of Akt through expression of constitutively activated Akt increased GSK3 phosphorylation and rictor levels. Moreover we detected increased levels of p-Akt (Ser-473), p-Akt (Thr-450), p-SGK1 (Ser-422) and p-PKC␣ (Ser-659) (Fig. 8A) , which are known to be the substrates of mTORC2 (31) . Moreover increased Akt activation enhanced the formation or assembly of mTORC2 (Fig. 8B) . These results suggest that the PI3K/Akt signaling may also positively regulate the mTORC2 activity and signaling through inactivation of GSK3 and subsequent stabilization of rictor followed by enhancement of the assembly of mTOR and rictor complex. Hence, the PI3K/Akt signaling positively regulates not only the mTORC1 but also the mTORC2 signaling ( Fig. 8C ).
FBXW7 is a tumor suppresser that is frequently mutated in certain types of human cancer (13) . The exact mechanisms underlying its tumor suppressive function remain unclear, although it appears to be associated with regulation of the degradation of multiple oncogenic proteins such as c-Myc, cyclin E, and c-Jun (13) . Rictor is known to be an essential component of mTORC2, which is a critical Akt Ser-473 kinase (32) and is implicated in cancer development (1, 3, 4) . Our findings presented in this study may suggest a putative tumor-suppressive mechanism of FBXW7 involving negative regulation of rictor stability. Hence further study in this direction is warranted.
